The hybrid organic-inorganic perovskites have gained considerable attention in recent years due to their outstanding performance as absorbing layers in photovoltaics [1] . This success has led to a comprehensive research effort with the aim to unravel their photophysical properties [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , and to move beyond CH 3 NH 3 PbI 3 and explore other material compositions including 2D perovskites [19] [20] [21] [22] [23] [24] . This burgeoning family of materials offers properties that can be tailored to a broad range of applications in opto-electronics, including photovoltaics [1, 23, 25] , field-effect transistors [26, 27] , hard radiation detectors [28] , light-emitting diodes [29] [30] [31] , lasers [32] , and optical sensors [33] .
The hybrid perovskites are characterized by strong spin-orbit coupling (SOC) tied to the constituent heavy elements [34] . These strong spin-orbit effects make the perovskite family of materials attractive for applications in semiconductor spintronics and spin optoelectronics [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . SOC leads to a giant (∼1 eV) splitting of the lowest two conduction bands and influences the band gap and carrier effective masses [46, 47] . In conjunction with a lack of inversion symmetry, SOC also leads to an effective magnetic field that lifts the degeneracy of the carrier spin states within each band [35] . While this effect has many origins in semiconductors tied to different sources of inversion asymmetry [48] [49] [50] [51] [52] , it is most commonly referred to as the Rashba effect after Bychkov and Rashba analyzed the case of structural inversion asymmetry in a two-dimensional electron gas [50] . In a spintronic device, the effective magnetic field tied to the Rashba effect may be used to operate on the spin state of carriers by inducing precession in a spin field-effect transistor [36, 37] . The Rashba spin splitting can also enable spin-dependent transport without the need for an external magnetic field or magnetic materials by using a resonant tunnel diode structure [53] .
Rasbha effects in organic-inorganic perovskites have been the subject of numerous theoretical investigations in recent years [54] [55] [56] [57] [58] [59] [60] . The predicted Rashba splittings (∼10's of meV) are large compared to the conventional III-V semiconductors upon which most spintronic devices have been based [34] . Switchable Rashba coupling exploiting the ferroelectric response has also been predicted [56, 57] . Experimental observation of the Rashba effect in the valence band in single crystal CH 3 NH 3 PbBr 3 was recently demonstrated using ARPES [61] . The magnitude of the observed Rashba spin splitting (160 meV) was comparable to the largest values predicted theoretically in any of the hybrid perovskite systems [54] [55] [56] [57] [58] [59] [60] .
This result is promising for the prospect of spintronic applications using hybrid perovskites and highlights the need for further experimental studies of Rashba effects in this family of 3 materials.
Here we report detection of the Rashba splitting in the 2D perovskite (BA) 2 MAPb 2 I 7 through measurement of carrier spin relaxation using time-resolved circular dichroism techniques. Measurements of carrier spin dynamics have proven extremely valuable in the study of Rashba coupling in inorganic III-V semiconductor systems [35] , in which the spin population relaxation time (T 1 ) is sensitive to both the magnitude and wavevector-dependence of the Rashba effective magnetic field [48, 52] . (BA) 2 MAPb 2 I 7 exhibits a Ruddlesden-Popper structure with two layers of corner-sharing lead-iodide octahedra separated by long organic cations of butylammonium forming an interdigitating bilayer. Our experiments indicate that T 1 decreases with increasing photo-excitation energy and increases with optically-injected carrier density, both signatures of Rashba precessional spin relaxation [48, 63, 64] . Our simulations of the electron spin dynamics yield a Rashba spin splitting of 10 meV at an electron energy 50 meV above the band gap, a value that is 20 times larger than in GaAs quantum wells [48] . Our findings highlight the utility of spin relaxation studies as a probe for Rashba coupling in the organic-inorganic hybrid perovskite family of materials.
I. RASHBA EFFECT IN PEROVSKITE MATERIALS
In systems with no center of inversion symmetry, the spin-orbit interaction leads to an effective magnetic field Ω(k) with a direction that determines an effective spin quantization axis at each value of the electron wavevector k and a magnitude that determines the energy separation between spin-up and spin-down band states. The crystal structure will dictate the wavevector dependence of Ω(k). For the organic-inorganic perovskites, symmetry breaking is tied to tilting and associated polar distortions of the metal-halide octahedra, which are influenced by the constituent organic cations. For the 2D perovskite family (BA) 2 (MA) n−1 Pb n I 3n+1 , the tilting of the lead iodide octahedra is determined by the interplay between the long organic BA cations and the smaller MA cations, which induce out-of-plane and in-plane octahedral distortions respectively [24] . For the n = 2 structure studied in this work [ Fig. 1(a) ], x-ray diffraction indicates a noncentrosymmetric structure with a polar (C 2v ) space group at room temperature [24] . As a result, a nonzero Rashba spin splitting is expected for this system. The Rashba Hamiltonian is given by [50, 58] 
where k = (k x , k y ) is the electron wavevector in the x-y plane perpendicular to the stacking direction, σ is the vector of Pauli spin matrices, and
In this case,
and the spin eigenstates are given by
where λ R is the Rashba coupling parameter. The Rashba effective magnetic field and the dispersion relations for the two spin eigenstates are shown in Fig 1(b) .
The Rashba effective magnetic field leads to precessional carrier spin relaxation. This mechanism was first discussed in the context of III-V semiconductors by D'Yakonov and
Perel [63] and later refined for semiconductor quantum wells by D'Yakonov and Kachorovskii depending on the carrier type (electron or hole) and the circular polarization state of the light field. Ω(k) will cause these initially polarized carriers spins to precess. Since the direction of Ω(k) varies with k, the net spin polarization of the ensemble decays. Our interest here is on the longitudinal spin lifetime in the absence of an external magnetic field (T 1 ). A characteristic feature of this spin relaxation mechanism is that T 1 is proportional to the carrier scattering rate [64] , referred to as motional narrowing: The larger the rate of scattering, the slower the spin relaxation because the carrier spins do not have as much time to undergo precession between scattering events.
The rate of precessional spin relaxation is proportional to the square of the Rashba effective magnetic field [48] . Measurement of T 1 therefore provides a sensitive probe of the strength of Rashba coupling in a semiconductor material. For instance, in GaAs quantum wells the spin lifetime at 300 K is 100 ps [65] and the corresponding spin splitting has been calculated to be <1 meV [48] . In contrast, in quantum wells formed from the InAs/GaSb/AlSb system possessing a much larger SOC, calculated spin splittings are ∼ 10 meV or larger [48, 53] , and measured spin lifetimes in these materials under 1 ps have been reported [42, 52] .
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II. CARRIER CHARGE AND SPIN DYNAMICS
The results of differential transmission measurements [(
), where T (T 0 ) is the transmission of the probe pulse in the presence (absence) of the pump beam, see Fig. 2(a) ] for linearly-polarized pump and probe pulses is shown in Fig. 2(b) . The use of linearly-polarized pulses enables measurement of the average state filling signal associated with both spin populations. The magnitude of the differential transmission signal at τ = 2 ps is plotted alongside the linear absorption spectrum in the lower panel of Fig. 2(b) . A Tauc analysis of the linear absorption results (see Supporting Information) indicates a band gap of (2.12±0.05) eV.
The peak at 2.05 eV is therefore attributed to the state filling response of excitons, and the peak at higher energies is due to unbound electron-hole pairs on interband transitions above the band gap. Fitting the results in Fig. 2 (b) for above band gap excitation to a double exponential decay yields a carrier thermalization time of (7±1) ps, followed by recombination on a time scale ∼1 ns. These spin-independent relaxation kinetics are in line with previous studies in phenylethylammonium lead iodide (PEA) 2 (MA) n−1 Pb n I 3n+1 2D perovskite [67] .
T 1 was measured using time-resolved circular dichroism. A circularly-polarized pump pulse is used to inject a spin-polarized carrier distribution. When the probe has the same (opposite) circular polarization as the pump, the state filling signal is tied to the majority and holes in this system [71] . The resulting similarity in the density of states in the valence and conduction bands has the consequence that the two carrier species contribute to a similar extent to the magnitude of the measured state filling signal. The observation of a single exponential decay, together with the large value of the initial degree of spin polarization, points to a similar spin lifetime for electrons and holes.
The measured spin lifetimes for a range of laser tunings (E ex ) and pump pulse fluence values are shown in Fig. 3(a) and Fig. 3(b) , respectively. In order to detect evidence of Rashba precessional spin relaxation, the spin lifetime for carriers above the band gap is of interest. Fig. 3(a) shows the spin lifetime versus laser detuning (E ex − E g ), which together with the carrier masses determines the electron and hole energies relative to the band edges.
The spin lifetime decreases for increasing laser detuning, indicating that spin relaxation is more rapid for carriers with larger kinetic energies. The spin lifetime was also observed to increase with increasing pump pulse fluence ( Fig. 3(b) ). Increasing the density of opticallyinjected carriers therefore results in a longer spin lifetime.
III. DISCUSSION
The trends observed in Fig. 3(a) and Fig. 3 (b) are consistent with precessional spin relaxation induced by the Rashba effective magnetic field. Since Ω(k) has a magnitude and direction that varies with wavevector, precession causes the initially spin-polarized distribution of carriers to decay. Scattering of carriers with phonons, impurities, and each other will slow this spin relaxation process by inducing rapid changes in the value of Ω(k), resulting in a smaller degree of precession between scattering events. This motional narrowing feature is clearly reflected in the observation of an increase in T 1 with increasing carrier density, indicating slower spin relaxation with an increased rate of carrier-carrier scattering. The observation of a decrease in T 1 with increasing excess energy is also consistent with Rashba precessional spin relaxation. Since the carrier thermalization time was found to be similar to the spin lifetime, the carriers remain hot during spin relaxation, with a temperature determined by the laser detuning. A higher average carrier kinetic energy will lead to the occupation of states at larger k values. Since the magnitude of the effective magnetic field increases with |k|, hot carriers will undergo more rapid spin relaxation.
We note that the results in Fig. 3(b) are opposite to the trend expected for the Elliot Yafet spin relaxation process [68] , for which scattering events themselves lead to spin decay rather than precession between scattering events. The spin relaxation process tied spin-flip scattering between electrons and holes (the Bir Aronov Pikus mechanism) [69] , is expected to be weak in perovskite materials due to the small value of the exciton exchange splitting [44] , a feature that has been attributed to the spatial separation of the electron and hole wave functions within the unit cell.
An estimate of the magnitude of the Rashba spin splitting in the 2D perovskite structure studied here was obtained from simulations of the measured carrier spin dynamics. These simulations incorporated polar optical phonon scattering, which is expected to be stronger than acoustic phonon scattering at 300 K [72] , as well as 2D electron-electron scattering mediated by the Coulomb interaction in the nondegenerate limit. For these calculations, the carrier effective masses and dielectric constant were taken from recent first principle calculations for (BA) 2 PbI 4 [71] , and the LO phonon energy was taken from Ref. 72 (see Supporting Information). λ R was varied to obtain the best fit to the experimental results.
The resulting fits are shown as the solid curves in Fig. 3(a) and Fig. 3(b) . The Rashba spin splitting extracted from the fitting process is shown in Fig. 3(c) . A splitting of 10 meV is found at an energy of 50 meV above the conduction band minimum. For comparison, for GaAs quantum wells at 300 K, a much smaller spin splitting of 0.5 meV at this energy was found from the analysis of spin lifetime results [48] . The spin-independent pump probe experiments in Fig. 2 (b) indicated a thermalization time of 7 ps, resulting in an effective carrier temperature somewhat cooler than determined by the laser detuning alone. Our simulations, which neglect thermalization effects, therefore provide a lower bound to the Rashba spin splitting in this material.
Our observation of a much larger Rashba spin splitting in (BA) 2 MAPb 2 I 7 than in inorganic III-V quantum wells is expected from the strong spin-orbit interaction in the organicinorganic family of materials [34] . A Rashba effect was observed experimentally for the first time in an organic-inorganic perovskite (in the valence band of CH 3 NH 3 PbBr 3 ) using ARPES [61] , yielding an extremely large spin splitting of 160 meV. A 40 meV Rashba splitting was also recently found using electro-absorption techniques and DFT calculations in the 2D perovskite (PEA) 2 PbI 4 [70] . These large Rashba spin splittings are promising for the prospect of spintronic devices based on the organic-inorganic perovskites. 12
